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Pavlovian fear learning depends on predictive error, so that fear learning occurs when the actual outcome of a conditioning trial exceeds the expected outcome. Previous research has shown that opioid receptors, including µ-opioid receptors in the ventrolateral quadrant of the midbrain periaqueductal gray (vlPAG), mediate such predictive fear learning. Four experiments reported here used a within-subject one-trial blocking design to study whether opioid receptors mediate a direct or indirect action of predictive error on Pavlovian association formation. In Stage I, rats were trained to fear conditioned stimulus (CS) A by pairing it with shock. In Stage II, CSA and CSB were co-presented once and co-terminated with shock. Two novel stimuli, CSC and CSD, were also co-presented once and co-terminated with shock in Stage II. The results showed one-trial blocking of fear learning (Experiment 1) as well as one-trial unblocking of fear learning when Stage II training employed a higher intensity footshock than was used in Stage I (Experiment 2). Systemic administrations of the opioid receptor antagonist naloxone (Experiment 3) or intra-vlPAG administrations of the selective µ-opioid receptor antagonist CTAP (Experiment 4) prior to Stage II training prevented one-trial blocking. These results show that opioid receptors mediate the direct actions of predictive error on Pavlovian association formation.
Learning about the predictive relations existing between events in the world is central to adaptive behavior. It allows us to use the past to predict the future and to adjust our behavior accordingly. Prediction has been formalized in experimental psychology through error-correcting learning rules (Dickinson 1980; Rescorla 1988) . In Pavlovian conditioning these rules state that fear accrues to a conditioned stimulus (CS) which signals an aversive unconditioned stimulus (US) when the actual outcome of the conditioning trial exceeds the predicted outcome, i.e., when there is a positive prediction error. Likewise, fear to a CS will typically be lost when the predicted outcome exceeds the actual outcome, i.e., when there is a negative prediction error. The paradigmatic demonstration of a role for predictive error in learning is "blocking". Kamin (1968 Kamin ( , 1969 ) subjected rats to CSA-shock pairings. In Stage II, rats received a compound stimulus of CSA and CSB paired with shock. A control group received Stage II training but no Stage I training. The control group showed robust fear of CSB. However, for the experimental group learning to CSB failed. Conditioning failed to CSB, despite AB-shock pairings, because predictive error during Stage II was low: Subjects could predict the occurrence of shock from CSA and so learning about CSB was "blocked."
The neural mechanisms for the encoding, storage, and retrieval of fear memories are remarkably well understood. Activation of NMDA receptors in the amygdala and recruitment of the signal transduction cascades subsequent to NMDA receptor activation (e.g., Ca 2+ and cyclic AMP-dependent signaling) are essential for fear memory formation (for example, see Schafe et al. 2001; Maren and Quirk 2004) . In contrast, the neural mechanisms of predictive fear learning remain poorly understood. Using a within-subject blocking design, McNally and Cole (2006) demonstrated that µ-opioid receptors in the ventrolateral quadrant of the midbrain periaqueductal gray (vlPAG) mediate predictive error during fear learning. Rats were conditioned to fear CSA via pairings with footshock. In Stage II an AB compound and a CD compound were both paired with footshock. On test the rats displayed more fear to D than B, indicating that the previously trained CSA had blocked conditioning to B. This blocking was prevented (i.e., fear accrued normally to B) if Stage II training was preceded by either systemic injections of the opioid receptor antagonist naloxone or intra-vlPAG infusions of the µ-opioid receptor selective antagonist CTAP.
The actions of predictive error on Pavlovian association formation can be direct or indirect . A direct action on association formation is achieved by altering the effectiveness of the shock US. A US which is surprising or unexpected is more effective at promoting learning than an unsurprising US (for example, see Rescorla and Wagner 1972) . Predictive error can also have an indirect action by regulating the attention allocated to the CS (for example, see Mackintosh 1975a) . A CS which is a better predictor of the outcome will command more attention and consequently be better learned about than a CS which is a poorer predictor and which is consequently ignored. McNally and Cole (2006) demonstrated that vlPAG µ-opioid receptors contribute to predictive fear learning. However, the design of those experiments did not permit examination of whether this µ-opioid receptor contribution to predictive fear learning was direct and achieved via alterations in US processing or indirect and achieved via alterations in CS processing.
Numerous behavioral designs permit selection between these possibilities . However, perhaps the simplest approach is a variation of the standard blocking design. According to theories of direct predictive fear learning, blocking occurs due to the unsurprising US in Stage II being a less effective reinforcer. In contrast, according to theories of indirect predictive fear learning, blocking occurs because the added CS in Stage II is a poorer predictor of the US than the pretrained CS and so on subsequent trials the added CS is ignored. This withdrawal of attention from the added CS takes place across multiple Stage II trials, and so attentional theories predict that blocking does not occur when a single Stage II conditioning trial is used. In contrast, theories of direct predictive learning predict such one-trial blocking. In these experiments we used a within-subject one-trial blocking design to study how opioid receptors regulate predictive fear learning.
Results
Experiment 1: One-trial blocking of fear learning
Blocking of fear learning with multiple Stage II trials is a robust phenomenon (for example, see Kamin 1968; McNally et al. 2004a ). However, evidence for one-trial blocking in a number of preparations has been mixed (for example, see Mackintosh 1975b; Gillan and Domjan 1977; Mackintosh et al. 1980; Dickinson et al. 1983) . In a typical blocking experiment, CSA is paired with shock in Stage I and the compound of CSA and CSB paired with shock in Stage II. Generally, one-trial blocking is less likely to occur under circumstances that favor formation of higherorder associations between CSA and CSB during Stage II, thereby supporting the second-order conditioning of fear to B (for example, see Dickinson et al. 1983) . In this experiment we used a within-subjects preparation to compare blocking with one or two trials during Stage II to determine the utility of a within-subjects design in detecting one-trial blocking of fear conditioning. The design is shown in Table 1 . Animals were initially trained to fear CSA via pairings with footshock. In Stage II an AB compound and a CD compound were both paired with footshock. Animals in group two-trial (n = 8) received two reinforced presentations each of AB and CD, while those in group one-trial (n = 8) received a single reinforced presentation of each compound. Fear responses to B and D were then tested. It is worth emphasizing that the purpose of this experiment is not to compare overall levels of fear between group two-trial and group one-trial. The purpose of the experiment is to study the within-subjects difference between B and D for these groups. Theories of direct and indirect predictive learning make qualitatively, not quantitatively, different predictions. Theories of direct predictive learning predict B < D for both groups one-trial and two-trial. In contrast, theories of indirect predictive learning predict B = D for group one-trial and B < D for group two-trial.
The left panel of Figure 1 shows mean ‫ע(‬ standard error of the mean [SEM] ) levels of freezing during the first presentation of CSA on each day of Stage I training. From inspection of this figure it is apparent that fear accrued to CSA across days of Stage I training for both groups. This was confirmed by the increase in levels of freezing across the two days of training (F (1,14) = 816.2; P < 0.05). There was no significant effect for group (one-trial vs. two-trial) during Stage I (F (1,14) < 1.0; P > 0.05), indicating that groups showed equivalent levels of freezing. There was also no significant interaction of group and day (F (1,14) < 1.0; P > 0.05).
The middle panel of Figure 1 shows mean (‫ע‬SEM) levels of freezing during Stage II training. It is apparent that on the initial compound presentations in Stage II training fear was higher to AB than CD for both groups (because A had previously been paired with shock). This was confirmed by a significant main effect for stimulus type (AB vs. CD) (F (1,14) = 84.04; P < 0.05). There was no significant effect of group (one-trial vs. two-trial) (F (1,14) < 1.0; P > 0.05) and no significant interaction effect of group and stimulus type (F (1,14) < 1.0; P > 0.05). It is also clear that fear to CD increased across training for group two-trial. On the second trial there was no significant effect for stimulus type indicating equivalent levels of fear to the compounds AB and CD (F (1,14) = 1.59; P > 0.05). There was no significant difference between groups in pre-CS freezing (t = 0.56; P > 0.05).
The right panel of Figure 1 shows mean (‫ע‬SEM) levels of freezing during the test presentations of CSB and CSD. Inspection of this figure suggests that there was more fear to stimulus D than stimulus B among both groups. This was confirmed by the significant main effect of stimulus type (B vs. D) (F (1,14) = 26.16; P < 0.05). There was no significant effect for group (one-trial vs. two-trial) (F (1,14) = 1.93; P > 0.05), indicating that groups showed equivalent levels of freezing overall. There was also no significant interaction effect of group and stimulus (F (1,14) < 1.0; P > 0.05). Levels of pre-CS freezing were low (mean = 32%; SEM = 4%) and an independent samples t-test confirmed there was no significant difference between groups (t = 0.05; P > 0.05).
These results demonstrate that under present conditions a within-subject design can detect one-trial blocking of fear learning (B < D) and that the strength of this one-trial blocking is equivalent to using multiple Stage II trials. This is consistent with direct predictive fear learning accounts that attribute blocking to the effectiveness of the US as a reinforcer and consequently allow for single-trial blocking. In contrast, according to attentional theories blocking occurs on the second trial due to a withdrawal of attention. If predictive error were acting indirectly on learning via modulating attention, blocking would be absent after a single Stage II trial, but present after two Stage II trials. However, this did not occur.
Experiment 2: One-trial unblocking of fear learning Blocking can be abolished by an increase in reinforcer magnitude from Stage I to Stage II (so-called unblocking) (Kamin 1968 (Kamin , 1969 . The aim of this experiment was to study one-trial unblocking. The design is shown in Table 1 . All animals were initially trained to fear CSA via pairings with a 0.5-mA footshock. Then all animals received a single reinforced presentation of each AB and CD. For group block (n = 7) the reinforcer magnitude remained at 0.5 mA; however, for group unblock (n = 8) the compounds were The left panel of Figure 2 shows mean (‫ע‬SEM) levels of freezing during the first presentation of CSA on each day of Stage I training. Fear accrued to CSA across days of Stage I training for both groups. This was confirmed by the increase in levels of freezing across the two days of training (F (1,13) = 325.5; P < 0.05). There was no significant effect for group (block vs. unblock) during Stage I (F (1,13) < 1.0; P > 0.05), indicating that groups showed equivalent levels of freezing. There was also no significant interaction effect of group and day (F (1,13) = 1.05; P > 0.05). The middle panel of Figure 2 shows mean (‫ע‬SEM) levels of freezing during Stage II training. Fear was higher to AB than CD for both groups. This was confirmed by a significant main effect for stimulus type (AB vs. CD) (F (1,13) = 61.87; P < 0.05). There was no significant effect found for group (block vs. unblock) (F (1,13) = 2.57; P > 0.05), indicating that groups displayed equivalent levels of freezing and no significant interaction of group and stimulus type (F (1,13) < 1.0; P > 0.05). There was no significant difference between groups in pre-CS freezing (t = 0.03; P > 0.05).
The right panel of Figure 2 shows mean (‫ע‬SEM) levels of freezing during the test presentations of CSB and CSD. There was more freezing to stimulus D than stimulus B in group block but equivalent levels of freezing to B and D in group unblock. There was no significant main effect for group (block vs. unblock) (F (1,13) < 1; P > 0.05), indicating that overall groups showed equivalent levels of freezing. There was a significant main effect for stimulus type (B vs. D) (F (1,13) = 6.87; P < 0.05) so that overall there was more freezing to D than B. Importantly, there was a significant interaction between group and stimulus type (F (1,13) = 5.51; P < 0.05). From inspection of Figure 2 it is clear that the difference in freezing between B and D was significantly greater among group block compared with group unblock animals. Levels of pre-CS freezing were low (mean = 41%; SEM = 6%) and an independent samples t-test confirmed there was no significant difference between groups (t = 0.51; P > 0.05). These results confirm the one-trial blocking of fear learning and show that blocking can be prevented if US intensity is increased from Stage I to Stage II (i.e., unblocking occurs).
Experiment 3: Effects of naloxone on one-trial blocking of fear learning
Previous studies have shown that systemic administrations of naloxone prevent the blocking of conditioned fear (Fanselow and Bolles 1979; Matzel et al. 1988; McNally et al. 2004a; McNally and Cole 2006) . However, these studies have focused on multi-trial blocking. The aim of Experiment 3 was to determine whether opioid receptors contribute to direct predictive fear learning by using one-trial blocking. The design is shown in Table 1 . Prior to Stage II training animals received systemic injections of either naloxone (n = 8) or saline (n = 7).
The left panel of Figure 3 shows mean (‫ע‬SEM) levels of freezing during the first presentation of CSA on each day of Stage I training. There was a significant increase in levels of freezing across the two days of training (F (1,13) = 264.1; P < 0.05). There was no significant effect for group (naloxone vs. saline) during Stage I (F (1,13) = 1.8; P > 0.05), indicating that groups showed equivalent levels of freezing. There was also no significant interaction effect of group and day (F (1,13) = 1.8; P > 0.05). The middle panel of Figure 3 shows mean (‫ע‬SEM) levels of freezing during Stage II training. There was a significant main effect for Stage II drug (naloxone vs. saline) (F (1,13) = 6.99; P < 0.05) so that overall naloxone-treated rats showed more freezing than saline-treated rats. A significant main effect for stimulus type (AB vs. CD) indicated more freezing to the AB presentation than to CD (F (1,13) = 52.75; P < 0.05). There was no significant interaction between the effect of naloxone versus saline and stimulus type in Stage II (F (1,13) = 0.00; P > 0.05), showing that the difference in response to AB and CD during Stage II training was identical in saline-and naloxone-treated animals. There was no significant difference between groups in pre-CS freezing (t = 0.72; P > 0.05).
The right panel of Figure 3 shows mean (‫ע‬SEM) levels of freezing during the test presentations of CSB and CSD. There was a significant main effect for Stage II drug (naloxone vs. saline) (F (1,13) = 7.48; P < 0.05) so that overall naloxone-treated rats showed more freezing than saline-treated rats. There was a significant main effect for stimulus type (B vs. D) (F (1,13) = 6.45; P < 0.05) so that overall there was more freezing to D than B. Importantly, there was a significant interaction between Stage II drug (naloxone vs. saline) and stimulus type (B vs. D) (F (1,13) = 4.89; P < 0.05). From inspection of Figure 3 it is clear that the difference in freezing between B and D was significantly greater among saline-treated animals compared with naloxonetreated animals. Analyses of simple effects were used to directly confirm this interpretation. Naloxone-treated animals displayed significantly more fear to B than saline-treated animals (F (1,13) = 9.09; P < 0.05); however, these groups did not differ significantly in levels of fear to D (F (1,13) = 0.61; P > 0.05). Levels of pre-CS freezing were low (mean = 17%; SEM = 5%) and there was no significant difference between groups (t = 0.31; P > 0.05). 
Thus, systemically administered naloxone prevents one-trial blocking of fear learning.
Experiment 4: Effects of intra-vlPAG CTAP on one-trial blocking of fear learning McNally and Cole (2006) showed that infusions of the selective µ-opioid receptor antagonist CTAP prevented blocking in a multi-trial procedure. This prevention of blocking by CTAP was dose-dependent and was neuroanatomically specific to the vlPAG. In Experiment 4 we studied the role of vlPAG µ-opioid receptor in one-trial blocking of fear learning. The design is shown in Table 1 . Both groups received Stage I training. Before Stage II training animals received an infusion into vlPAG of either the µ-opioid receptor selective antagonist 0.5 µg CTAP or saline. The question of interest was whether infusions of CTAP into the vlPAG would prevent one-trial blocking. Figure 4 shows the location of the microinjection tips for the rats in this experiment. Two rats receiving CTAP were excluded from the primary analysis as a result of misplaced cannulae. The locations of these misplaced cannulae are also indicated in Figure 4 .
Histology

Behavior
The left panel of Figure 5 shows mean (‫ע‬SEM) levels of freezing during the first presentation of CSA on each day of Stage I training. There was a significant increase in levels of freezing across the two days of training (F (1,12) = 1882.88; P < 0.05). There was no significant effect for group (CTAP vs. saline) during Stage I (F (1,12) < 1; P > 0.05), indicating that groups showed equivalent levels of freezing. There was also no significant interaction effect of group and day (F (1,12) < 1; P > 0.05). The middle panel of Figure 5 shows mean (‫ע‬SEM) levels of freezing during Stage II training. There was no significant main effect for Stage II drug (CTAP vs. saline) (F (1,12) < 1; P > 0.05) so that overall groups showed equivalent levels of freezing. A significant main effect for stimulus type (AB vs. CD) was found indicating that overall there was more freezing to the AB presentation than to CD (F (1,12) = 44.02; P < 0.05). There was no significant interaction between the effect of CTAP versus saline and stimulus type in Stage II (F (1,12) < 1; P > 0.05), showing that the difference in response to AB and CD during Stage II training was identical in saline-and CTAP-treated animals. There was no significant difference between groups in pre-CS freezing (t = 1.99; P > 0.05).
The right panel of Figure 5 shows mean (‫ע‬SEM) levels of freezing during the test presentations of CSB and CSD. There was no main effect of Stage II drug treatment (CTAP vs. saline) (F (1,12) = 3.02; P > 0.05). A significant main effect of CS type (B vs. D) was found (F (1,12) = 5.5; P < 0.05) so that there was significantly more freezing to D than B. Importantly, there was a significant interaction between these variables (Stage II drug treatment and CS type) (F (1,12) = 5.5; P < 0.05). From inspection, this indicates that the difference between B and D was significantly greater among saline-treated compared with CTAP-treated animals. Further statistical analysis of simple effects confirmed this interpretation. The CTAP group showed significantly more fear to B than did the saline group (F (1,12) = 7.1; P < 0.05), however these groups did not differ significantly in levels of fear to D (F (1,12) < 1; P > 0.05). Levels of pre-CS freezing were low (mean = 21%; SEM = 6%), and an independent samples t-test confirmed there was no significant difference between groups (t = 1.18; P > 0.05). Thus, vlPAG microinjections of the µ-opioid receptor antagonist CTAP prevented one-trial blocking. At the level of the midbrain studied in this experiment, µ-opioid receptors are expressed most densely in vlPAG (for example, see Gutstein et al. 1998 ). This fact combined with the use of relatively small microinjection volumes (0.5 µL) argues against any effect of CTAP at a site distant from microinjection. To further study neuroanatomical specificity, we examined the performances of animals infused with CTAP but excluded from the original analysis due to misplaced cannulae. One was located in the lateral PAG, the other was dorsal and rostral to PAG (Fig. 4) . We constructed 95% confidence intervals for performance to B and D for saline and CTAP groups to estimate the relevant population means, and then examined the performance of the two misplaced CTAP animals relative to these parameter estimates (Table 2 ). For both misplaced animals, freezing to B fell below the lower bound of the 95% confidence intervals for mean performance for vlPAG CTAP. In contrast, their performance to the Blocking could be prevented if Stage II training employed a higher intensity shock than Stage I (Experiment 2). Increasing the Stage II US increases predictive error because it increases the actual outcome of the trial relative to the expected outcome from Stage I training. This demonstration of unblocking is important for two reasons. First, it shows that one-trial blocking of fear learning is sensitive to the same variables as multi-trial blocking. Increases in US intensity or duration consistently produce unblocking of fear in preparations using multiple Stage II trials (for example, see Kamin 1968 Kamin , 1969 Wagner et al. 1980; McNally et al. 2004a ). This excludes the possibility that one-trial blocking is due to competition for limited processing resources (for example, see James and Wagner 1980) . Second, this one-trial unblocking cannot be explained by indirect predictive learning because the indirect effects of a change in US intensity are only manifest across multiple trials. Taken together, these results show that under the conditions used here, the within-subject blocking design was sensitive to the direct effects of predictive error on fear learning.
One-trial blocking was prevented by systemic naloxone (Experiment 3) or intra-vlPAG CTAP (Experiment 4). Our results therefore show for the first time that opioid receptors mediate direct predictive fear learning. The logic of the experimental design is such that for saline control rats the predictive error for AB during Stage II was small (A already predicted the shock), so formation of a B-US association is blocked. In contrast, for rats systemically injected with naloxone or microinjected with CTAP into the vlPAG, the B-shock association was not blocked. This prevention of blocking occurs despite the naloxone-and CTAPtreated rats displaying the A-shock association by their high levels of fear on the AB trial of Stage II. This prevention of blocking was specific. It was not due to a general permissive effect of opioid receptor antagonism on fear learning or memory consolidation because neither systemic naloxone nor intra-vlPAG CTAP had any effect on fear conditioning to D. Blocking was also not due to differences in sensitivity to the shock US, differences in perception of the CSs, alterations in memory processing, or nonspecific effects on fear or freezing because the within-subjects design equated all subjects on exposure to all stimuli. Rather, systemic or vlPAG µ-opioid receptor antagonism acted selectively to prevent blocking to B. This reveals that opioid receptor antagonism increased predictive error during Stage II and so shows that endogenous opioids act to directly decrease predictive error during fear learning.
These results support recent accounts of how predictive fear learning occurs in the mammalian central nervous system. Fanselow (1998) has suggested that opioid receptors contribute to predictive fear learning because they mediate a conditioned analgesic response which impairs detection of the shock US. According to this line of reasoning, presentation of a fear CS recruits descending antinociceptive pathways that begin in the central nucleus of the amygdala and project via the vlPAG to the rostral ventromedial medulla and, in turn, via the dorsolateral funiculus to the spinal cord dorsal horn (Fanselow 1998; McNally 1999) . Alternatively, McNally and colleagues (McNally et al. 2004a,b; McNally and Cole 2006) have suggested that this opioid receptor contribution can be distinguished from pain modulation and is due to a role of vlPAG in ascending US pathways, possibly via extensive vlPAG projections to midline and intralaminar thalamic nuclei (Krout and Loewy 2000) . Despite these differences, both models predict that vlPAG opioids have a direct action on predictive fear learning by regulating the efficacy of the shock US as a teaching or reinforcement signal. These results support these accounts. In contrast, a recent computational model of predictive fear learning suggests otherwise (Padlubnaya et al. 2006) . Padlubnaya et al. (2006) suggest that a CS-triggered opioid response is too slow to cause blocking of fear learning. In this case, the simulations specifically assumed that an opioid response was dependent on outputs from central amygdala. The simulations, instead, suggested that a fast acting inhibitory neurotransmitter, such as GABA, was involved in blocking. The role for other neurotransmitters and neuromodulators in blocking of fear learning remains an open empirical question, as does the dependence or otherwise of vlPAG µ-opioid receptor contributions on amygdala output. However the present data show that the actions of vlPAG µ-opioid receptors are central to the associative blocking of fear learning.
Finally, it is worth noting this role of vlPAG µ-opioid receptors in predictive fear learning complements the role of µ-opioid receptors in the ventral striatum, specifically the nucleus accumbens. Iordanova et al. (2006) used blocking and unblocking of fear learning to study the role of µ-opioid receptors in the nucleus accumbens in indirect predictive fear learning. Iordanova et al. (2006) showed that accumbal µ-opioid receptors were important for increments in CS processing as a consequence of predictive error. Taken together, these findings show a dual role for opioids in regulating predictive fear learning depending on their neuroanatomical location. In nucleus accumbens, µ-opioid receptors up-regulate attention to CSs that are predictive of shock and thereby contribute to indirect predictive fear learning. In vlPAG, µ-opioid receptors regulate the efficacy of the shock US as a teaching or reinforcement signal and thereby contribute to direct predictive fear learning. Further research is needed to clarify the interactions between these different opioid contributions as well to determine how these contributions influence amygdala-dependent fear memory formation.
Materials and Methods
Subjects search Laboratories). After arrival, rats were housed in groups of eight in plastic cages and maintained on a 12-h light-dark cycle (lights on at 7 a.m.) with free access to food and water. The rats were handled (1-2 min per rat per day) for 3 d to habituate them to the experimenter. The procedures used were approved by the Animal Ethics Committee at the University of New South Wales and were conducted in accordance with the National Institutes of Health's (1986) Guide for the Care and Use of Laboratory Animals (Publication DHHS NIH 86-23).
Surgery and histology
Rats were injected intraperitoneally with 1.3 mL/kg of the anesthetic ketamine (Ketapex; Apex Laboratories) at a concentration of 100 mg/mL and with 0.3 mL/kg of the muscle relaxant xylazine (Rompun; Bayer) at a concentration of 20 mg/mL. Each rat was placed in the stereotaxic apparatus (Model 900, Kopf), and the incisor bar was maintained at ∼3.3 mm below horizontal to achieve a flat skull position. A 26-gauge guide cannula (Plastics One) was implanted into the PAG. The right vlPAG was targeted so that the tip of the guide cannula was positioned 5.6 mm below lambda through a hole drilled 0.1 mm anterior to and 0.8 mm lateral to lambda. We implanted cannula into only one hemisphere for two reasons: First, to reduce the possible extent of damage to the PAG and overlying blood vessels; second, because previous research has demonstrated that a unilateral manipulation was sufficient to observe an effect on fear conditioning in a number of brain regions critical for this learning (for example, see Good and Westbrook 1995; LaBar and LeDoux 1996; McNally and Cole 2006) . We chose the right PAG to facilitate comparison with our previous experiments (McNally and Cole 2006) . The guide cannula was fixed in position with dental cement and anchored with jeweler's screws. A dummy cannula was kept in the guide at all times, except during microinjections. Immediately after surgery, rats were injected intraperitoneally with 0.3 mL of a 300 mg/mL solution of procaine penicillin, subcutaneously with 0.1 mL of a 100 mg/mL cephazolin sodium, and subcutaneously with 5 mg/kg carprofen. Rats were allowed 5 d to recover from surgery, during which time they were handled and weighed daily.
At the conclusion of the experiment, rats were given an overdose of sodium pentobarbital, and their brains were removed. Unfixed brains were sectioned coronally at 40 µm through the PAG by use of a cryostat. Every section through the cannula placements in vlPAG was collected on a glass slide and subsequently stained with cresyl violet. Cannula placements were verified at the microscope by a trained observer who was unaware of the subjects' group designations and used the boundaries defined by Paxinos and Watson (1998) . The data of any rat were excluded from the primary statistical analysis if the cannula tip was outside the PAG.
Apparatus
Conditioning and testing were conducted in a set of four identical chambers (24 cm [length] ‫ן‬ 30 cm [width] ‫ן‬ 21 cm [height] ). The front and rear walls as well as the hinged lid were constructed of clear Perspex, and the end walls were made of stainless steel. The floor consisted of stainless steel rods, 4 mm in diameter, spaced 15 mm apart (center to center). Each chamber stood 2 cm above a tray of paper pellet bedding (Fibercycle). The chambers were cleaned with water, and the bedding underneath the chambers was changed between rats. These chambers were located individually within sound-attenuating boxes that were painted white. The boxes were illuminated by a red LED so that levels of illumination within the conditioning chambers were 15 cd/m 2 . There were two auditory CSs and two visual CSs. An 82-dB 750 Hz tone (0.1 sec rise and fall) and an 82-dB (A scale) clicker (20 Hz spike, rise time <1 µsec, decay time, 250 µsec) served as CSB and CSD, respectively, in a fully counterbalanced fashion. These were delivered through speakers mounted in the ceiling of each box. A constant or flashing (4 Hz) presentation of a white fluorescent light producing an illumination level of 75 cd/m 2 within the chambers served as CSA and CSC, respectively, in a fully counterbalanced fashion. The light was mounted on the ceiling of each box, immediately above the conditioning chamber. All CSs were 30 sec in duration unless otherwise noted and during conditioning co-terminated with the footshock US. This US, unless otherwise noted, was a 0.5-mA, 1-sec unscrambled AC 50-Hz shock from a constant-current generator that was delivered to the floor of each chamber. The current available to each floor could be adjusted with an in-line milliampere meter. Digital video cameras were mounted on the rear wall of each box and connected to a digital multiplexer in an adjacent room that, in turn, was connected to a DVD recorder. The stimuli used for conditioning were controlled by computer (LabView, National Instruments).
Procedure
In each experiment rats were submitted to four phases of training: pre-exposure, Stage I, Stage II, and test.
Experiment 1
Prior to conditioning rats received two days of pre-exposure. During each day rats received four presentations of each CS in a counterbalanced order. Rats were pre-exposed to the stimuli to encourage discrimination between them (Bennett and Mackintosh 1999) . Stage I training occurred on Days 1-2. On each day rats received four 30-sec presentations of CSA co-terminating with footshock. The intertrial interval (ITI) was random, ranging from 60 to 360 sec, with a mean of 211 sec. Stage II training took place on Day 3. Rats received either two reinforced presentations each of AB and CD (two-trial; n = 8) or a single reinforced presentation of each (one-trial; n = 8). All rats received 10-min nonreinforced presentations of the context 4-6 h after every conditioning session in Stage I and Stage II to reduce levels of contextual conditioning. Finally, on test, rats received three presentations of each CSB and CSD in a fully counterbalanced order.
Experiment 2
Pre-exposure and Stage I were identical to Experiment 1. Stage II occurred on Day 3. All animals received a single presentation of the compounds AB and CD, reinforced with either a 0.5-mA footshock (block; n = 7) or a 0.8-mA footshock (unblock; n = 8). These presentations were separated by a random ITI ranging from 60 to 360 sec. All rats received 10-min nonreinforced presentations of the context 4-6 h after every conditioning session in Stage I and Stage II. Test was identical to Experiment 1
Experiment 3
Pre-exposure and Stage I were identical to Experiment 1. Stage II occurred on Day 3. Rats were injected subcutaneously in the dorsal neck region with 3 mg/kg naloxone hydrochloride (TocrisCookson) dissolved in 0.9% (wt/vol) pyrogen-free saline (naloxone; n = 8) or with 1 mL/kg 0.9% (wt/vol) pyrogen-free saline (saline; n = 7) 15 min prior to receiving a single reinforced presentation of the compounds AB and CD. All rats received 10-min nonreinforced presentations of the context 4-6 h after every conditioning session in Stage I and Stage II. Test was identical to Experiment 1.
Experiment 4
The procedure for pre-exposure was identical to that for Experiment 1. The procedure for Stage I training was similar to that for Experiment 1, with the single exception that rats were placed in white plastic buckets for 5 min prior to each conditioning session. We exposed rats to these buckets because the buckets were later used to house animals during vlPAG infusions in Stage II. These exposures were intended to reduce the novelty of being placed in the buckets during Stage II and therefore reduce potential generalization decrements between Stage I and Stage II, which could interfere with blocking.
The procedure for Stage II training was similar to that for Experiment 3, but with the following exceptions. Rats received a 0.5-µL microinjection of 0.5 µg of the selective µ-opioid receptor antagonist CTAP (D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2; Tocris-Cookson) dissolved in 0.9% (wt/vol) pyrogen-free saline (CTAP; n = 8) or a 0.5-µL microinjection of 0.9% (wt/vol) pyrogen-free saline (saline; n = 8). For microinjections, rats were placed in the white plastic buckets, and a 33-gauge microinjection cannula was inserted into the guide cannula. The microinjection cannula projected a further 1 mm ventral to the tip of the guide cannula. The microinjection cannula was connected to a 10-µL glass syringe operated by an infusion pump. Drugs were infused over a 2-min period (0.25 µL/min), and the microinjection cannula was left in place for a further 1 min to permit diffusion of the injectate. All rats were then placed in the conditioning chamber where they received a single reinforced presentation of the compounds AB and CD. All rats received 10-min nonreinforced presentations of the context 4-6 h after every conditioning session in Stage I and Stage II. Test procedure was identical to that of Experiment 1.
Statistics
Performance during conditioning and test was recorded. The rats were subsequently scored every 2 sec as either freezing (defined as the absence of all movement other than that required for breathing) or not freezing. The numbers of observations scored as freezing were summed and converted to a percentage. A random sample of the data was scored by a second observer, who was unaware of group allocation. The inter-rater reliability exceeded 0.85. The data presented and used for statistical analysis are those scored by the aware observer. The data were analyzed by means of a planned orthogonal contrast testing procedure, and the Type I error rate was controlled at 0.05 for each contrast tested.
